The origin of ultrahigh-energy cosmic rays (UHECRs) has been a half-century old enigma [1] . The mystery has been deepened by an intriguing coincidence that with ten orders of magnitude across the energy, the energy generation rates of UHECRs, PeV neutrinos, and isotropic sub-TeV γ rays are comparable, hinting at a grand-unified picture [2] . Here we report that powerful black hole jets inhabited in aggregates of galaxies can work as their common origins. Once accelerated by a jet, low-energy cosmic rays confined in the radio lobe are adiabatically cooled; higher-energy cosmic rays leaving the source interact with the magnetized cluster environment and produce neutrinos and γ rays; the highest-energy particles escape from the host cluster and contribute to the observed cosmic rays above 0.1 EeV. The model is consistent with the spectrum, composition, and isotropy of the observed UHECRs, while explaining the IceCube neutrinos and the non-blazar component of the Fermi γ-ray background, with a reasonable energy output from black hole jets in clusters.
Relativistic jets from the accretion onto supermassive black holes provide promising sites for UHECR acceleration. The Hillas condition suggests that jets of an active galactic nucleus (AGN) can accelerate a particle with charge Z to a maximum energy, E max ∼ Z 10 19 eV [18] [19] [20] . The energy spectrum of particles accelerated by the Fermi mechanism can be described by a power law, dN acc /dE ∝ E −sacc , with an index s acc ∼ 2 − 2.5. Radio observations often find extended lobes (sometimes referred as bubbles or cocoons, which are plasma cavities inflated by the jet), with 10 − 100 kiloparsec scales [21] and 0.1−10 microgauss-level magnetic fields [22] . Particles with energy below E lobe,c = Z e B lobe l lobe,c ∼ 1.4 Z (B lobe /5 µG) (l lobe,c /0.3 kpc) EeV have a Larmor radius r L = E/(Ze B) much smaller than the coherence length of their magnetic structure, where B lobe and l lobe,c ∼ 0.01−0.1 r lobe are the magnetic field strength and the coherence length, and r lobe is the lobe size. These particles diffuse for t lobe diff ∼ 6.1 (r lobe /10 kpc) 2 (E/Z 1 PeV) −1/3 (l lobe,c /0.3 kpc)
(B lobe /5 µG) 1/3 Myr before entering the intracluster medium (ICM). Meanwhile, they suffer from adiabatic losses due to the expansion of the cocoon. The characteristic cooling time is t ad ∼ 4.9 (r lobe /10 kpc) v lobe /2000 km s −1 −1 Myr, with v lobe being the typical expansion velocity at a source age ∼ 0.1 − 10 Myr [23] . Particles with energy above E lobe,c are less impacted, escaping semi-diffusively with t lobe diff ∝ E −2 . Considering the competition between diffusion and cooling, we approximate the spectrum of cosmic rays leaking into the cluster to be dN inj /dE ∝ E −sacc exp(−t lobe diff /t ad ). Radio-loud AGNs preferentially reside around the center of rich clusters [24] . A cluster with a halo mass of M = 10 14 M 14 M has a virial radius r vir ∼ 1.2 M 1/3 14 Mpc. The distribution of thermal gas is often described by the β model as n ICM (r) ∝ 1 + (r/r c )
, where β ≈ 0.8 and r c ∼ 0.1 r vir is the core radius [25] . Turbulent magnetic fields in the ICM, probably induced by accretion shocks and other cluster dynamics, typically have a strength of a few µG in the cluster center [25] . Assuming that the field traces the baryon distribution through the flux conservation, we adopt a magnetic field profile, B(r) = B 0 1 + (r/r c )
2
−β with B 0 ∼ 5µG. Cosmic rays leaving the lobe enter the ICM of the host cluster. The highest-energy particles travel rectilinearly through the ICM. Particles reaching an energy E c ∼ 2 × 10 19 Z B −6 (l c /20 kpc) eV have a gyro-radius comparable to the typical scales of magnetic field fluctuations in massive clusters, with l c about 1-10% of the virial radius [25] . Particles with energies well below E c diffusive propagate in the turbulent magnetic field of the cluster. The confinement, which could last for ∼ 1 − 10 Gyr, leads to efficient interactions of cosmic-ray nuclei with baryons of the ICM and infrared background photons in the cluster, producing pions that decay into neutrinos and γ rays via π ± → ν e (ν e ) + e ± + ν µ +ν µ and π 0 → 2γ, respectively. Finally, particles that successfully leave the cluster propagate to the Earth through the intergalactic medium. UHECRs from the sources beyond the energy-loss horizon are depleted via photodisintegration, photomeson production, and Bethe-Heitler pair production processes with the CMB and the EBL, producing cosmogenic neutrinos peaked around EeV and γ rays that cascade down to GeV-TeV energies.
We numerically simulate the propagation of UHECRs in the magnetized ICM and from the source to the observer. We assume that a jetted source locates randomly in the core of a cluster with uniformly probability. To give a generic example, we inject two types of elements: protons and iron nuclei, following the same power-law spectrum with a cutoff above the maximum rigidity, dN inj /dR ∝ R −sacc exp(−R/R max ), where R = E/Ze is the rigidity, s acc = 2.3, and E max = Z 10 19.4 eV. We let 83% of the total energy channelled into protons and the rest into iron nuclei. We assume that particles are confined up to t inj = 2 Gyr, considering that the peak period of AGN activities effectively lasts for ∼ 2 − 3 Gyr. (see Appendix for alternative scenarios and discussions on model uncertainties). The redshift evolution of the source density is taken to be (1 + z) 3 [4] , Pierre Auger observatory [3] (with energy scaled up by 7% to match TA data at the ankle), IceCube [7] , and Fermi Gamma-Ray Space Telescope [13, 14] . The total cosmic ray spectrum (solid red) is decomposed into two composition groups: light (dashed red; H and He) and medium-heavy (dotted red; CNO, Si, Mg, Fe). PeV neutrinos (solid blue) are produced by interactions between cosmic rays and the ICM (dashed blue), and by UHECRs interacting with the CMB and EBL during their intergalactic propagation (dash-dotted blue). The upper bound on the neutrino flux of UHECR nuclei (for s acc = 2.3) is shown for reference (dashed grey) [26] . The γ-ray counterparts (solid black for the total flux and dash-dotted black for γ rays produced in the ICM) are comparable to the non-blazar component of the EGB measured by the Fermi Gamma-Ray Space Telescope [14] .
by [8] :
where dn/dM is the halo mass function, H(z) is the Hubble parameter at redshift z, dṄ /dE is the production rate of neutrinos (or propagated cosmic rays) from a given cluster with a redshifted energy E = (1 + z) E. We consider clusters with a halo mass above M min = 5 × 10 13 M (corresponding to ∼ 10 11 M stellar mass), which present higher radio-loud AGN fractions [24] . Figure 1 shows the integrated spectra of UHECRs and neutrinos from over-density regions with black hole jets. The observed UHECR spectrum is normalized to the Auger data point at 10 19.05 eV. The cosmic-ray confinement in the lobe and the host cluster makes the injection spectrum harder below the second knee [8, 11] . The spectral shape is agreement with both measurements by Auger and TA above 10 18 eV. Primary and secondary cosmic-ray particles received by the observer are divided into two composition groups: light (including H and He) and intermediate/heavy (including CNO, Si, Mg, Fe), with the two crossing around 10 19.5 eV. The mean of the maximum depth of an air shower, X max , which depends on the mass of the UHE nucleon or nucleus, is shown in [27] ), comparing to that of the Auger data [3] (light red data points with the shaded region indicating systematic errors). For reference, X max of a 100% proton (black) and 100% iron nuclei composition (green) are shown, computed using three interaction models, EPOS, QGSJET, and SIBYLL, as listed in the legend box. The red shaded region indicates the energy range where the extragalactic contribution is less than 90% of the measured flux, and is determined by assuming that the residual flux, which could be a Galactic component, has a composition between proton and iron. Figure 2 . The trend follows the X max data measured by Auger. Below 10 18 eV, the predicted cosmic-ray spectrum matches the light component of the KASCADE-Grande data [15] . The neutrino spectrum is composed of two parts. Between 10 14 eV and 10 17 eV, it is mostly contributed by particle interactions in the ICM. It meets the IceCube measurements above 10 14 eV. The low-energy neutrino spectrum is harder than that of accelerated cosmic rays, and the spectral steepening above 10 15 eV results from the faster escape of higher-energy cosmic rays. Above 10 18 eV, the neutrino flux is dominated by the cosmogenic neutrinos produced when UHECRs interact with the CMB and the EBL, and is consistent with the IceCube constraints at extremely high energies [17] . Likewise, the observed sub-TeV γ rays are produced both in the ICM and during the intergalactic propagation [2] . Thanks to the hard injection spectrum, the total γ-ray flux largely originates from electromagnetic cascades, and is consistent with the non-blazar component of the EGB [14] . In addition to the hard γ-ray spectrum, our model also predicts a dominance of low-mass clusters, and the γ-ray and radio limits from individual clusters [28] can be satisfied.
The chance of previously or currently having active jets in a cluster, f jet , and the average cosmic-ray luminosity of contained active galaxies per cluster, L CR , are left as free parameters. Assuming L CR ∼ 10 44 − 10 45 erg s −1 , we obtain f jet ∼ 10%. This is consistent with duty cycles of the accretion-driven evolution of black holes [29] . The number density of clusters and groups with a mass above 5 × 10 13 M is ∼ 3 × 10 −5 Mpc −3 . This satisfies the muon neutrino limits on the neutrino source density derived from the absence of multiplets [2] , as well as the lower bounds on the UHECR source density derived from the lack of strong anisotropy in the UHECR data [30] .
Appendix A: Methods
Cosmic rays can be accelerated by black hole jets by mechanisms such as shock acceleration, shear acceleration, and magnetic reconnection. After escaping from the jet and lobe/bubble, cosmic rays rectilinearly or diffusively propagate in the turbulent magnetic field of the host cluster (or group). The semi-diffusive propagation is implemented based on the public UHECR propagation code CRPropa3 [31] . The diffusive propagation is computed semi-analytically by letting particles random walk with a step size equal to the coherence length of the magnetic field. The numerical step size is then converted to an actual trajectory length through the on-site diffusion coefficient [32, 33] . Interactions between nuclei and target nucleons of the ICM gas are computed using pretabulated cross sections and products that were calculated with the hadronic interaction model EPOS [34] . Photopion productions (photodisintegration) due to interactions between cosmic-ray protons (nuclei) and the infrared background of clusters are computed based on SOPHIA [35] (TALYS [36] ) through CRPropa3.
We simulate host clusters in 10 mass bins from M min = 5 × 10 13 M to M max = 10 16 M , and 14 redshift bins from z min = 0.005 to z max = 5. The result, however, barely depends on M max and z max since the population of massive clusters at high redshifts is negligible. The minimum redshift z min = 0.005 corresponds to the distance of the Virgo cluster at ∼ 20 Mpc. The halo mass function is calculated by
where ρ m (z) = ρ m (0) (1+z) 3 is the mean density of the universe at given redshift, and σ(M, z) is the variance of the linear density field smoothed on a top-hat window function r t = (3M/4πρ m ) 1/3 [37] . For f (σ), we adopt the Sheth-Tormen mass function multiplicity [38] , which is consistent with results from N-body cosmological simulations [37, 39, 40] . The density profile of the intracluster medium gas in a cluster is normalized by f b M/(µ m p ) = n ICM (r)dV , where f b = 0.13 M 0.16 14 is the average baryon fraction of galaxy clusters [41] , µ ≈ 0.61 is the mean molecular weight, and m p is the mass of a proton. The infrared background photons in the cluster is modeled following reference [42] , with a spectral energy distribution resulting from the superposition of the emission of 100 giant elliptical galaxies, and a density profile following the ICM gas distribution. The infrared background of the cluster add to the CMB and the EBL as target radiation fields. While not only radio-loud AGN but also radio-quiet AGN have been suggested as UHECR accelerators [20] , the former objects are known to be more powerful. Radioloud AGN are more common as a central galaxy in cool core clusters than in non-cool core clusters. To be conservative, we have not taken into account the high densities at the center of the subset of clusters that have cool cores [9] .
Galaxy clusters and groups are gigantic reservoirs of cosmic rays and dark matter [43, 44] . Our simulations allow us to approximately calculate spectra of neutrinos and cosmic rays for a steady injection over a duration t inj ∼ 1 − 10 Gyr. The history of injections from AGNs is time-dependent and is dominated by their past activities at z ∼ 1 − 2. Considering this effect, we have adopted t inj = 2 Gyr. Two effects induce a spectral steepening in our model. First, a spectral break due to the escape of cosmic rays occurs at sufficiently high energies when t diff (E) < t inj [8, 11] . In addition, a break in the injection spectrum is caused by the confinement of cosmic rays in the cocoon. Figure S1 demonstrates that t inj = t H , where t H = 13.75 Gyr is the age of the Universe, leads to similar results. Thus for our fiducial parameters, our results are insensitive to changes in t inj which affects the confinement ability of the cluster. In essence, since we achieve s < s acc (where s is the injection spectral index), our model is consistent with model-independent bounds on cosmic-ray reservoir scenarios, in which the injection spectral index, s, is constrained by the FIG. S1: Spectra of cosmic rays and neutrinos from reservoirs with black hole jets. Same as in the fiducial mixed-composition scenario but with the cosmic-ray injection time t inj = t H .
γ-ray background to be smaller than s ∼ 2.1 − 2.2 [11] . All cosmic rays and neutrinos, including the primary cosmic ray particles injected into the simulation and their secondary and higher-order products, are tracked down to 1 TeV. The neutrino spectrum below this energy is extrapolated based on a spline fit to the simulation results between 2.2 TeV and 10 TeV. From the neutrino spectrum we obtain the spectrum of their γ-ray counterparts by [45] 
where EQ E is the energy generation rate, and γ-ray and neutrino energies are related as E γ ≈ 2E ν . Then we take into account electromagnetic cascades during the intergalactic propagation by solving transport equations [46] . Note that clusters and groups are expected to be transparent up to ∼ 100 TeV energies [44, 47] . As considered in this work, particle acceleration in a galaxy cluster and group is naturally expected in powerful intracluster sources such as black hole jets, which may include radio-loud AGNs and perhaps radio-quiet AGNs [48] . In principle, cosmic-ray accelerators may be powerful transients in galaxies including γ-ray bursts, supernova explosions, fast-rotating pulsars, and tidal disruption events [49] . In addition, particle acceleration can also happen in the accretion shocks that are commonly found at the outskirts of large-scale structures [50, 51] . Cosmic rays accelerated by accretion shocks can contribute to the second knee, and neutrinos have been suggested as a probe of such a scenario [8] . The accretion shock contribution is expected to be more important for massive clusters, and the corresponding neutrino production has been subject to various constraints [2, 33, 52] . In contrast, the contribution from internal accelerators such as AGNs is more important for less massive clusters, due to the fact that the population of such clusters is higher, and that AGNs are found to have a strong redshift evolution [9, 11] . The distribution of higher-energy cosmic rays is more uniform, which is favored by observations [53] .
For the extragalactic propagation, we use CRPropa3 and take into account the photomeson and photodisintegration interactions between cosmic rays and background photons including the CMB and the EBL [54] , as well as the decay of unstable intermediate products and the Bethe-Heitler production of electron-positron pairs. Cosmogenic neutrinos [55] are generated by photomeson interactions of protons above the Greisen-Zatsepin-Kuzmin energy [56, 57] (E GZK ∼ 6 × 10 19 eV) during their intergalactic propagation. The flux of cosmogenic neutrinos is lower if UHECRs are dominated by intermediate or heavy nuclei, as opposed to the pure proton composition [1, 26, 58] . Cosmogenic γ rays from intermediate and heavy nuclei are dominated by the Bethe-Heitler pair production [19, 59, 60] . It is known that cosmogenic γ rays has a universal spectral shape, and that its flux is basically determined by the energy injection rate of cosmic rays at ultrahigh energies [46, 61, 62] . For demonstration purposes, the total contribution to the EGB is estimated by adding the cosmogenic γ-ray flux of a mixed composition scenario [60] to the source γ rays obtained in this work. As in the simplest grand-unified model [2] , the total γ-ray flux from our model is compatible to the non-blazar component of the EGB, which is about 10 − 30% of the total EGB [14, 63] .
The default parameters are set to be E max /Z = 10 19.4 eV, s acc = 2.3, and a proton fraction of f p = 83%. While the chosen values of the spectrum parameters are motivated by black hole jets of radio-loud and radio-quite AGNs [19, 20] , and f p is determined by the fit to X max , our results are not very sensitive to small variations of these parameters. Generally a softer cosmicray spectrum also leads to a softer neutrino spectrum, and with the same f p , larger E max values lead to higher fluxes of cosmogenic neutrinos. For simplicity, only two elements (H and Fe) are included in the injection. Adding more intermediate elements can potentially provide a better fit to data. However, considering the large uncertainties in both observation and interpretation of the X max data, such a study is beyond the scope of this work, which aims at demonstrating the connection among multi-messengers with the basic parameters. Readers may refer to reference [64] for a dedicated fitting. proton scenario is the presence of a prominent EeV neutrino bump due to a copious production of cosmogenic neutrinos. The energy flux level of neutrinos is still consistent with the current upper limits posed by the non-detection of extremely high-energy neutrinos in the IceCube data [17] , but should be detectable in the near future. In the classical ankle scenario with s = 2.0, the diffuse isotropic γ-ray flux is shown to be comparable to the non-blazar component of the EGB [2] . Our proton scenario with s acc = 2.3 effectively leads to s ∼ 2, but the tension with the γ-ray data is slightly stronger due to more cosmogenic γ-ray production.
